Abstract
Introduction

32
Abraham Trembley's careful and systematic studies on Hydra regeneration, published in his
33
Memoires in 1744, brought this freshwater cnidarian into the spotlight of biological research 34 (Lenhoff & Lenhoff 1986 ). Hydra is an optically transparent polyp a few millimeters in length. It
35
consists of a hollow cylindrical body column with a head on one end, consisting of a ring of 36 tentacles and a dome-shaped hypostome, and an adhesive basal disk on the other end. Hydra is 37 composed of only a small number of cell types originating from three (ectodermal, endodermal 38 and interstitial) stem cell lineages (Bode 1996) . This anatomical simplicity, continuous cell 39 turnover in the adult (Campbell 1974) , and the ability to regenerate from small fragments of the 40 body column or even from aggregates of cells ; Shimizu et al. 1993 ) render 41 Hydra a powerful system for studies of development (Steele 2002) , stem cell biology (David & This "cut-and-paste" approach has provided fundamental insights into Hydra biology. For 52 example, the excision and subsequent threading of body column rings onto fishing line allowed 53 researchers to probe questions about oral-aboral polarization (Ando et al. 1989 ). Grafting of 54 hypostomes into body columns showed that the tip of the hypostome acts as head organizer However, despite its many advantages, Hydra has not become a mainstream model organism like 63 fruit flies or nematodes due to the lack of genetic tools so readily available in these organisms.
64
This has changed in the last decade, with access to a fully assembled Hydra genome (Chapman causing adverse effects upon several hours of exposure (Macklin 1976 ). Heptanol blocks 89 epithelial gap junction communication in the body column (Takaku et al. 2015) . Chloretone is 90 reportedly nervous-system specific, but Hydra was observed to develop tolerance to the 91 anesthetic within hours of exposure (Kepner & Hopkins 1938 
Materials and Methods
124
Hydra strains and culture 125 We used the Hydra vulgaris AEP strain (Martin et al. 1997; Technau et al. 2003) 
Generation of nerve-free Hydra
149
To generate nerve-free Hydra, A10 polyps were heat-shocked in an incubator (Fisher Scientific force-fed and "burped" as described previously (Tran et al. 2017 ) for three to four weeks, in 153 which time they lost nematocytes, as well as feeding and mouth opening behaviors.
154
Preparing anesthetic solutions
156
Stock solutions were made in HM at concentrations of 1 mM linalool (Sigma-Aldrich), 0.04% 157 heptanol (Acros Organics, Fisher Scientific), 2% urethane (Sigma-Aldrich), or 0.1% chloretone 158 hemihydrate (Sigma-Aldrich). Linalool and heptanol were prepared fresh daily and stored at 159 room temperature. Urethane and chloretone solutions were stored at 4°C for a few days and pre-160 warmed to room temperature before usage. Anesthetic solutions were prepared at room 161 temperature, except for chloretone, which was prepared with slight heating. Here, y is the fraction of dead animals and x is the concentration of linalool in millimolar. The fit 170 was generated using the curve fitting application in MATLAB (MathWorks, Natick, MA, USA) Grafting of heads into the body column was accomplished using WM and unlabeled animals 247 using an approach similar to the insect pin method described above. The WM animal was 248 decapitated, and a slit cut in the side of the unlabeled animal. The pin was passed through the 249 WM head hypostome first, then through the wound in the unlabeled polyp and out through the 250 body wall on the other side. Care was taken when positioning the filter paper pieces to avoid 251 pushing the donor head into the body cavity. Animals were allowed to heal for 2 h, then 252 removed from the pins and placed in dishes of clean HM to heal overnight before imaging.
253
Grafting of head organizers into the body column was accomplished without pins. Head 
Fluorescence imaging in 1mM linalool and in other anesthetics
262
All imaging was done using an Olympus IX81 inverted microscope (Olympus Corporation,
263
Tokyo, Japan) with an ORCA-ER camera (Hamamatsu Photonics, Hamamatsu, Japan). transferred into a new 24-well plate containing 500 µl fresh HM and imaged a day after transfer.
303
Foot regeneration experiments were conducted the same way, with animals scored for the 304 appearance of a peduncle and for the ability to adhere to the substrate. For repeated imaging of 305 head regeneration at high magnification, animals were anesthetized in 1 mM linalool for 10 min 306 prior to imaging and returned to HM to recover afterwards. To facilitate removal from the slides, 307 a layer of Scotch tape was placed over the double-sided tape during construction of tunnel slides.
308
The increased space between coverslip and slide and ability to easily lift off the coverslip after 309 imaging allowed recovery of the animal with minimal chance of injury.
311
Budding was assessed by selecting healthy animals with early buds at stages 3-4 on the 312 previously described scale (Otto & Campbell 1977) , and incubating them in well plates as 313 described for regeneration assays. Animals were scored for development of tentacles on the bud were incubated in colchicine for a full 24 h rather than 8 h incubation followed by 16 h recovery 328 as described. 
Results
368
Linalool is a fast acting and reversible anesthetic tentacles splayed out and the mouth assuming a conical shape (Fig.1 A) . We investigated the effect of various linalool concentrations on animal health within 3 hours of 402 incubation (Fig.1B) and found that concentrations exceeding 2 mM caused negative health 403 effects on the animals, such as an abnormal body shape, contracted tentacles, and partial 404 disintegration. Death was observed at concentrations of 3 mM and beyond following 3h 405 exposure. We determined the LC 50 to be 3.3 mM using the same approach as in (Hagstrom et al. 406 2015). We then empirically determined the optimal working concentration for linalool by 407 measuring and comparing induction and recovery times for different sublethal concentrations.
409
No negative health effects were observed at or below 1mM linalool. Induction time of 410 anesthesia decreased with increasing concentration of linalool to about 10 min at 1mM (Fig 1C) 411 while recovery time remained constant (Fig. 1D ) at 10-20 min for all concentrations tested.
412
Therefore, we determined that the highest tolerated dose, 1mM, was the best concentration to use squeezing the body column with forceps ( Fig.1 E i) . Polyps in 1 mM linalool swelled at the site 416 of pinching but did not contract (Fig.1E ii) . Thus, linalool causes Hydra to lose both spontaneous animal, as we observed that a few anesthetized individuals were able to capture and ingest 423 shrimp, although very inefficiently compared to controls (Fig.1 F) . (Fig. 2A) .
433
This is due to the suppression of the animal's natural contractile response to touch, removing the 434 need to wait for the polyp to extend following each cut. The improvements possible using linalool become more readily apparent in grafting experiments.
460
A "zebra graft" to create a chimeric animal consisting of bands of differently labeled tissue 461 produced a significantly better result when linalool was employed (Fig. 2B) . Linalool incubation on abnormal morphology immediately apparent on removal from the needles (Fig. 2B ii, iii) . This 466 is likely due to tissue movement causing the cut edges of the pieces to become misaligned while 467 on the needle, thus preventing the segments from healing smoothly together as described developed to study neuronal control of behavior in Hydra, we imaged unconstrained animals at 488 low magnification (Fig. 3A, Movie S1 ). Unconstrained animals in HM moved significantly 489 during the 10 s acquisition, as shown by a maximum intensity projection of the time series (Fig.3   490 A ii). In contrast, polyps incubated in 1 mM linalool for at least 10 min only exhibited drift 491 ( Fig.3 A iv, v) , which can be corrected for with standard post-processing methods (Fig. 3A vi) , 492 whereas these methods do not correct for the motion observed in the control, because the animal 493 exhibits non-linear body shape changes (Fig. 3A iii) . We also acquired 20 µm thick z-stacks of the body columns of intact polyps mounted in tunnel 506 slides (Carter et al. 2016 ) at high magnification (Fig. 3B, C) . The image quality of individual 507 slices was better when imaging anesthetized animals (Fig. 3B ), but the difference in stability and d thus image quality becomes most evident when comparing maximum intensity projections of the 509 entire z-stack (Fig. 3C) . The animal in linalool is sufficiently still to allow the resolution of 510 subcellular features such as neuronal processes, whereas the animal in HM moves too much, 511 making z-stacks impractical (Fig. 3C and Movie S2). As the tissue stretches and compresses 512 anisotropically during those movements, it is not possible to correct this motion through post-513 processing.
515
Next, we tested the performance of 10 min incubation in 1mM linalool for the acquisition of 516 multi-channel z-stacks at low (10x) and high magnification (60x). Control videos in HM were 517 not attempted due to the unsatisfactory results obtained in a single channel (Fig. 3) . By exposing 518 animals to 1mM linalool in the presence of 2mM reduced glutathione, we were able to induce 519 mouth opening (Fig.4A) . The animal is sufficiently still to allow for simultaneous visualization 520 of nuclei positions and cell boundaries. We also took 3-channel time-lapse movies of heads 521 exposed to reduced glutathione below the activation threshold for opening to illustrate the overall 522 stability that can be achieved using linalool, allowing for co-localization studies of dynamic 523 processes (Movie S3). Finally, we tested whether animals were sufficiently immobile to obtain 524 high quality z-stacks in multiple channels. While motion is not completely suppressed in linalool 525 and extended exposure to short wavelength light causes the animal to escape the field of view, it 526 is possible to achieve high quality multichannel imaging (Fig. 4B) . Thus, linalool is a useful tool 527 for in vivo co-localization studies. Notably, when testing live dyes, we found that the SYTO 60 528 red fluorescent nucleic acid stain is specific to nematocysts of all types in Hydra, determined by HyBra2 promoter::GFP animals and allowed them to regenerate in HM. We imaged head 544 regeneration over the course of 2 days, using repeated short-term 15 min incubations in 1mM 545 linalool to acquire a total of 11 high resolution images of the same animal (Fig. 5A) . When not 546 imaged, the regenerating animals were returned to HM. In this way we were able to observe the 547 development of the hypostome and tentacles and also to observe a gradual increase in GFP signal conditions not statistically significant at p=0.05 level. 558
559
We also confirmed that the timing and outcome of head regeneration in animals repeatedly 560 anesthetized for imaging does not significantly differ from that observed in untreated controls.
561
( Fig 5B) . Thus, linalool is a valuable tool for repeated live imaging applications, which will be 562 useful to study long term processes during regeneration and budding. (Fig 6A) nor in cell death (Fig. 6B) in the body column 571 of intact polyps. Furthermore, budding seemed to occur normally, as verified using 3-day 572 continuous time-lapse imaging (Fig. 6C, Fig. S1 ) and budding rates of polyps in 1 mM linalool 573 were comparable to those of controls (Fig. 6D) . Based on these results, we attempted to image 574 head regeneration in 1 mM linalool. This would be advantageous compared to consecutive 575 mounting and imaging sessions as it would minimize interaction with the sample and could be 576 fully automated. However, we found that decapitated Hydra were unable to regenerate heads in 1 577 mM linalool when continuously exposed over the course of 3 days. Anesthetized body columns 578 were observed to shed cells and assume a lollipop shape (Fig. 6E i, ii) , and a few animals 579 disintegrated completely. If removed from linalool after 3 d, however, the surviving animals 580 recovered. Tentacle buds were observed as early as 1 day into recovery and all polyps had fully 581 regenerated their heads after 3d of recovery. (Fig. 6E) . Error bars represent standard deviations (0mM n=17, 0.1mM n=20, 0.5mM n=40, 0.75mM n=19, 1mMn=19; 3 technical replicates). Red asterisks indicate statistically significant difference from 0 mM as 597 determined using Fisher's Exact Test. E. Recovery in HM rescues the head regeneration defect. i. Polyp 598 incubated in HM for 68 h after decapitation. ii. Polyp incubated in 1 mM linalool for 68 h after 599 decapitation. iii. Decapitated polyp recovered for 28 h after 3 d in 1mM linalool, iv. Polyps recovered for 600
604
The negative effect of continuous linalool exposure on head regeneration was observed for 605 concentrations as low as 0.5 mM (Fig. 6D) . At 0.75 mM, 50% of the animals did not regenerate 606 heads within 3 days. At 0.25 mM or lower, animals regenerated heads similarly to the control; 607 however, these concentrations were ineffective in immobilizing animals for long-term imaging
608
(data not shown). Foot regeneration was similarly suppressed under continuous 1 mM linalool 609 exposure (Fig. S2) , showing that the effects of linalool on regeneration are not specific to the 610 head.
612
Finally, we tested whether the inhibition of regeneration is caused by an effect on the nervous 613 system, as it had previously been suggested that the nervous system plays a role in head increased to 7/7 in HM and 5/7 in linalool (Fig. S3) . Furthermore, nerve-free animals in linalool 619 never assumed the lollipop shape (Fig. 6E ii) that we observed in enervated polyps. Together, Based on our literature search, the most prominent in vivo application of the anesthetics was 641 fluorescence imaging using urethane, heptanol, or chloretone. We therefore compared linalool to 642 these anesthetics. To this end we studied whether there were any differences in morphology 643 when Hydra polyps are exposed to the different substances. Although we observed variability 644 among individual polyps exposed to the same anesthetic at a fixed concentration, both in terms 645 of morphology and in terms of immobilization speed and strength, polyps assumed characteristic 646 shapes upon exposure to the different chemicals (Fig. 7A) . Following a 15 min exposure, Hydra 647 polyps incubated in 1 mM linalool appear relaxed with tentacles splayed outwards and cone-648 shaped hypostomes (Fig 7A i) . This morphology does not change significantly by 60 min.
649
Animals incubated in 0.04% heptanol appear less extended at 15 min, with contracted conical 650 tentacles. At 60 min the body columns are contracted and the stubby tentacles persist (Fig 7A   651 ii). Exposure to 2% urethane causes animals to extend and become very thin at 15 min, though 652 they become swollen while remaining extended by 60 min. (Fig 7A iii) . 0.1% chloretone causes 653 initial extension without the thinness seen in urethane, followed by the formation of swellings 654 along the body column by 15 min and contraction of both body and tentacles by 60 min (Fig 7 A   655 iv). To quantify these differences, we calculated average body length of individual animals after hyperextended animals (Fig. S4A, D) . linalool. Overall, the times were fairly similar. Linalool's induction time (9min, (6, 9)) was 666 similar to that of heptanol (6min, (4, 9)), but significantly longer than those of urethane (5min,
667
(4, 6)) and chloretone (5min, (3, 7)) (Fig. S4B, E) . However, as the average induction time for linalool is below 10 minutes, this is acceptable for routine use. Recovery times were statistically 669 similar between all anesthetics, with most polyps resuming normal activity within 10-20 min 670 post-exposure (Fig. S4C, F) . Subsequently we tested a 3 day incubation with media changes every 24h, to determine whether 686 performance could be improved by constant refreshing of the anesthetic. Urethane was excluded 687 from this experiment due to its rapid lethality. Linalool had no impact on survival. Significant Finally, we also compared the performance of these various anesthetics for single and dual 704 channel high magnification fluorescent live imaging of GCaMP6s (Fig. 7B) and WM animals 705 labeled with Hoechst (Fig. 7C) , respectively. While we did not observe a big difference in 706 stability and image quality across the different conditions as observed earlier when comparing to 707 animals in HM (Fig. 3) , linalool or chloretone exposed animals allowed us to get slightly better 708 results than animals exposed to heptanol or urethane. For both linalool and chloretone, we were 709 able to obtain crisp images of neuronal processes without blurring (Fig. 7B i, iv) and the nuclear 710 staining was better co-localized with the cells (Fig. 7C i, iv) . To summarize our direct 711 comparison of the various anesthetics, linalool has the best overall performance (Fig. 7D) , In terms of applications, a 10 min incubation in 1 mM linalool significantly decreased polyp 726 movement, allowing for fine surgical manipulations with superior precision, efficiency, and 727 long-term success compared to their execution in HM (Fig. 2) . Additionally, we achieved 728 improved fluorescent imaging when compared to HM and were able to acquire good quality 729 single-and multi-channel fluorescent z-stacks and time lapse movies (Fig.4 and Supplemental
730
Movies). Furthermore, we showed that linalool enables repeated short-term imaging of the same 731 specimen over the course of days, allowing us to visualize the dynamics of graft development 732 and head regeneration in individuals (Fig. 2D and Fig. 5A ). We were able to achieve fluorescent imaging with sub-cellular resolution (Fig. 3) , which suggests that one could study cellular 734 migration processes over the course of days. Linalool also has an advantage in anesthetized animal morphology (Fig 7A) . Because animals (Fig. 2) ; in contrast, animals immobilized in heptanol or chloretone 754 appear contracted and misshapen (Fig.7A ii, iv) . As grafting requires precise cuts and 755 manipulations that are most easily executed on an evenly extended animal, chloretone and 756 heptanol are suboptimal for such applications. 1 mM linalool outperforms 2% urethane and 757 0.04% heptanol for short-term high-magnification fluorescence imaging applications, but 758 produces a slightly inferior image quality when compared to 0.1% chloretone (Fig. 6 B,C) . In terms of long-term applications, we find that a 3-day continuous exposure without media In contrast to intact polyps, regenerating body columns that were continuously exposed to 1 mM 784 linalool over 3 days showed negative health effects, including abnormal morphology (Fig. 6E ii) , 785 suppressed regeneration (Fig. 6D) , and loss of cells. Both head and foot regeneration were 786 delayed ( Fig. 6D and Fig. S2 ). Affected animals healed their wounds, but did not develop the 787 structures associated with the missing body part -decapitated animals did not form tentacles or 788 hypostomes, and animals lacking feet did not regain a peduncle or the ability to adhere to the 789 substrate. Regeneration could be rescued by transferring the regenerating animals back to HM 790 after 3 days of linalool exposure (Fig. 6E ). While these findings prevent the use of linalool for 791 continuous long-term imaging of regeneration, they indicate that linalool could potentially be a 792 useful tool for regeneration studies if the mechanism of action can be elucidated. 
